Recovery of germ cells could be an option for preservation of the genetic pool of endangered animals. In immature males, xenografting of testis tissue provides the opportunity to recover sperm from these animals. In adult animals, xenografting has been less successful, but de novo morphogenesis of functional testis tissue from dissociated testis cells could be an alternative. To assess the potential use of these techniques in endangered bovid species, the domestic sheep was used as a model. Testes from 2-week-old lambs were grafted as tissue fragments or cell suspensions into nude mice. Grafts were recovered at 4, 8, 12 and 16 weeks post grafting. For isolated cells, two additional time points at 35 and 40 weeks after grafting were added. In addition, to analyse the possible effect of social stress among mice within a group on the development of the grafts, testis tissue grafts were recovered 13 weeks post grafting from mice housed individually and in groups. Complete spermatogenesis occurred in sheep testis xenografts at 12 weeks, similar to the situation in situ. Isolated sheep testis cells were able to reorganize and form functional testicular tissue de novo. Housing mice individually or in groups did not have any effect on the development of xenografts. Xenografting of testis tissue might be useful to obtain sperm from immature endangered ungulates that die prematurely. Testis tissue de novo morphogenesis from isolated cells could open interesting options to recover germ cells from mature males with impaired spermatogenesis. Reproduction (2008) 136 85-93 
Introduction
When a member of an endangered species dies, its potential contribution to the genetic information of the species is lost. In a sexually mature male, it is sometimes possible to collect and cryopreserve spermatozoa before or after death, and these sperm cells can be used later for assisted reproduction (Roldan et al. 2006) . However, preservation of spermatozoa is not an option in sexually immature males. Since in vitro culture of immature testis cells to mature spermatozoa has so far not been completely successful (Parks et al. 2003) , xenografting of testis tissue as an in vivo culture system provides an interesting option. Xenografting of testis tissue from immature males of different mammalian species into immunodeficient mice has resulted in complete spermatogenesis (Honaramooz et al. 2002a , Schlatt et al. 2002 , Shinohara et al. 2002 , Oatley et al. 2004 , Snedaker et al. 2004 . The advantage of xenografting is that it is the only technique to obtain sperm from immature testis tissue. The production of sperm per gram of testis in pig grafts was comparable with that in the donor species (Honaramooz et al. 2002a ) and spermatozoa recovered from testis grafts of different mammalian species were functional and able to fertilize by intra-cytoplasmatic sperm injection (ICSI; Honaramooz et al. 2002a , Schlatt et al. 2003 .
Cats have been used as models for endangered felids (Snedaker et al. 2004) and there is one brief report of xenografting of testis tissue from an endangered species, the Javan banteng , although, in the latter, complete spermatogenesis was not achieved. Currently, there are 115 species of bovids under some degree of threat according to the Red List of Threatened Species (IUCN 2006, www.iucnredlist.org) , and they could benefit from the technique of xenografting (Paris & Schlatt 2007) . Most studies on xenografting with bovid testis tissue have been done using bull tissue (Oatley et al. 2004 , Schmidt et al. 2006 , Arregui et al. 2008 , Huang et al. 2008 ), while few have been performed on goat (Honaramooz et al. 2002a , Arregui et al. 2008 or sheep tissue (Dobrinski et al. 2003 . However, more than 80% of the endangered bovid species are closer to the subfamily Caprinae than Bovinae (Hernández Fernández & Vrba 2005 , IUCN 2006 ) and sheep or goats could be better models for these species.
While xenografting of immature testis tissue presents a novel opportunity to preserve the genetic potential of sexually immature individuals, testis tissue grafting has been much less successful for tissue from sexually mature donors (Schlatt et al. 2002 , Geens et al. 2006 , Arregui et al. 2008 . One reason for this difference in developmental potential of testis fragments from immature compared with mature males may lie in the inability of Sertoli cells from adult testes to proliferate after grafting into a mouse host. It may be possible to recombine the germ cells from an adult testis with testicular somatic cells from a healthy immature donor to apply the xenografting approach to the conservation of germ cells from adult males with impaired spermatogenesis or outside the breeding season. Recently, de novo morphogenesis of functional testis tissue from dissociated testes cells has been described as an alternative to testis tissue xenografting to study the role of different cell populations during testicular organogenesis (Gassei et al. 2006 , Honaramooz et al. 2007 , Kita et al. 2007 . While grafting of rat testis cells to mouse hosts after in vitro culture led to tubular morphogenesis, it did not support germ cell differentiation (Gassei et al. 2006) . Complete tissue morphogenesis and spermatogenesis were accomplished after grafting of isolated porcine, mouse or rat testis cells into mice (Honaramooz et al. 2007 , Kita et al. 2007 ). Application of this novel approach to sheep could open interesting options for conservation of germ cells from endangered ungulate species.
Mice carrying testis xenografts are maintained for several months to allow complete spermatogenesis to occur. Depending on colony management and experimental design, mice can be housed individually or in groups. House mice (Mus musculus) typically live in groups (Latham & Mason 2004) , and there is evidence that mice prefer a cage with other individuals rather than being housed alone (Van Loo et al. 2004) ; also, single housing can cause physiological and behavioural problems (Wü rbel 2001 , Fitchett et al. 2006 . However, male mice housed in groups establish a social hierarchy by aggression that has been reported to correlate with the serum androgen levels in social animals (Machida et al. 1981 ). This in turn could affect diverse reproductive parameters. Group housing of male mice can lead to lowered sperm motility in socially inferior individuals (Koyama & Kamimura 1999) . However, it is not known if housing xenograft recipient mice individually or in groups will affect graft development.
Therefore, the aims of this study were (1) to analyse the timing of testis tissue maturation and the onset of spermatogenesis in xenografts of testis tissue from young sheep as a model species for endangered ungulates in comparison with testicular maturation in situ, (2) to investigate de novo morphogenesis of testicular tissue from isolated ovine testis cells and (3) to assess whether social interactions between recipient mice affect graft development.
Results

Testis tissue grafting
Seminiferous tubules in donor and graft tissue were assessed and they were categorized based on the presence of Sertoli cells only, or on the presence of various differentiated germ cells; partially degenerated tubules as well as dilated tubules were also identified ( Fig. 1) . At the time of grafting of testis tissue from 14-day-old lambs, the percentage of seminiferous cords containing gonocytes was 65.0%G1.4 (nZ2) The percentage of round tubule cross-sections containing one, two or three gonocytes was 48.7%G2.2, 14.8%G3.0 and 1.5%G0.6 respectively ( Fig. 2A) . The total percentage of grafts recovered was 95.7%G2.7. The seminal vesicle and graft weights per time point are shown in Fig. 3 . Seminal vesicle weight was higher than 200 mg at all time points indicating that grafts secreted physiological amounts of bioactive testosterone. Weight of the grafted tissue increased fourfold between the time of grafting and recovery at 4 weeks and another fourfold by 16 weeks after grafting. Histological examination showed that at 4 weeks after grafting, germ cells had not begun meiotic differentiation and lumen formation had not yet occurred in any of the tubules, although the diameter of tubules was larger than in donor tissue (Figs 2B and 4) . Spermatogonia were present in 42.7%G3.0 of the tubules, mostly in tubules at the periphery of the grafted tissue. The number of spermatogonia per tubule was 2.1G0.1, the number of Sertoli cells per tubule was 24.6G0.9 and the number of spermatogonia per 100 Sertoli cells was 8.7G0.7.
At 8 weeks post grafting, 31.5%G8.1 of seminiferous tubules contained pachytene spermatocytes, and tubular lumen had developed ( Figs 2C and 4) . In some grafts, the tubules with spermatocytes were in the periphery of the grafts while the tubules in the centre contained Sertoli By 12 weeks after grafting, elongated spermatids were present in 4.9%G2.4 of tubules, tubular dilation had occurred in 1.7%G0.8 and 0.3%G0.3 were classified as partially degenerated (Figs 2D and 4) . Tubules with elongated spermatids increased to 18.8%G5.5 by 16 weeks after grafting, dilated tubules to 4.7%G2.9 and partially degenerated tubules to 6.9%G6.4 (Figs 2E and 4). Tubules without differentiated germ cells were observed between those that contained differentiated germ cells (Fig. 1A) .
Control tissue and comparison with grafted tissue
At 12 weeks of age, the Suffolk testis tissue contained 30.7%G6.8 of tubules with elongated spermatids (Fig. 2F) . No dilated or partially degenerated tubules were observed in the control tissue.
When comparing grafted tissue with tissue obtained from control sheep, it has to be taken into account that the transplanted tissue was already 2 weeks old In tissue grafts, nZ5, 6, 6 and 6; in isolated cells grafts, nZ2, 1, 2, 2, 2 and 2; and in co-grafts, nZ1, 2 and 2. SV, seminal vesicle. *Indicates differences (P!0.05) within time points.
‡ Seminal vesicle weights of the two mice with co-grafts at 40 weeks after grafting were noticeably different (16.2 and 496.7 mg respectively).
Xenografting of ovine testicular tissue and cells when grafted. Nevertheless, after transplantation the proliferation of the tissue is retarded and germ cell division rate decreases until blood supply has been completely restored . At 12 weeks, both the control tissue and the grafts presented elongated spermatids as the most advanced germ cell. When percentages of every type of tubules were compared control testis tissue had fewer tubules with Sertoli cells only (PZ0.044), and more tubules with round spermatids (PZ0.044) and elongated spermatids (PZ0.040) than grafted tissue. Similar results were found when grafts at 16 weeks were compared with control tissue at 12 weeks: grafts had more tubules with Sertoli cells only (PZ0.044) and a lower percentage of tubules with round spermatids (PZ0.046) than the control tissue. There was no difference in the tissue development between grafts recovered at 12 and 16 weeks after grafting (PO0.05).
Isolated cell grafting
Although enzymatic digestion is designed to remove most of the interstitial cells, some peritubular myoid cells and Leydig cells will remain in the cell suspension (Honaramooz et al. 2007) . At the time of transplantation, the cell pellets contained 1.27%G0.50 germ cells, 55.47%G5.19 Sertoli cells, 6.13%G0.92 myoid cells and 4.60%G1.39 Leydig cells. Cell types were identified by immunocytochemistry using cell type-specific antibodies. Specificity of the antibodies was confirmed on donor sheep testis tissue (Fig. 5) . The total percentage of grafts recovered was 92.0%G14.9 (nZ12 mice). The weights of seminal vesicles and grafts are shown in Fig. 3 . The seminal vesicle weight was higher in mice carrying tissue grafts than in those carrying grafts formed de novo from isolated cells at 4, 8 and 12 weeks post grafting (PZ0.021) but was similar at 16 weeks (PO0.05). Histological analysis at 4 weeks post grafting revealed that seminiferous tubules formed in the periphery of the graft and began tubule formation in the centre of the graft (Fig. 6A) . General appearance of the de novo formed grafts did not change by 8, 12 or 16 weeks after grafting in both isolated cells grafted alone or co-grafted with tissue, with cell cords in the centre of the grafts and tubules in the surrounding area. However, tubules became wider and more isolated with time ( Fig. 6B  and C) . No differentiated germ cells were found at 4, 8, 12 and 16 weeks after surgery. Immunohistochemistry for protein gene product 9.5 (PGP 9.5) showed staining outside the tubules at 4 and 8 weeks post grafting, but at 16 weeks after grafting spermatogonia were found inside a few tubules formed from cells grafted alone or with tissue ( Fig. 6D) . At 35 weeks after surgery, the histology of the grafts was similar, but some tubules contained pachytene spermatocytes in grafts formed from isolated cells co-grafted with tissue ( Fig. 6E) . At 40 weeks post grafting, complete spermatogenesis was found in isolated cells grafted alone (Fig. 6F) , while no differentiated germ cell could be found in co-grafts. 
Housing of male mice
The donor testes transplanted consisted of seminiferous cords containing somatic Sertoli cells only (49.6%G1.8) or with one (42.3%G0.5), two (7.4%G1.2) or three (0.7%G0.1) gonocytes per round section. One mouse housed in a group became ill and lost weight, and no grafts were recovered; therefore, data from this animal were not used. In the histological analyses of grafts, no differences were found in the percentage of tubules with Sertoli cells only, round spermatids, elongated spermatids, degenerated tubules and dilated tubules; however, the percentage of tubules with pachytene spermatocytes as the most advanced germ cell was statistically higher in mice kept alone (PZ0.029, 55.9%G3.7 in mice housed alone and 39.5%G7.2 in mice housed in group). When all of the tubules with differentiated germ cell were considered together, no differences were found (PO0.05). The percentage of recovered grafts and the weights of the mice, seminal vesicles and grafts were not different between mice housed individually or in groups (Table 1) .
Discussion
Testis tissue from sexually immature sheep is able to develop complete spermatogenesis when grafted ectopically into a mouse host, and the first elongated spermatids appear at the same time in grafts and in the intact animal. We reported earlier that time to appearance of the first elongated spermatids in the seminiferous tubules was shortened in testis xenografts from pigs, rhesus monkeys and sheep when compared with the donor species (Honaramooz et al. 2002a , Dobrinski et al. 2003 . In our previous work in sheep, we found that at 3 months post grafting, complete spermatogenesis occurred in the xenografts, similar to what we found in the present experiment (Dobrinski et al. 2003 . The different conclusions could be due to the different source for control data. Our previous report compared the findings in the xenografts to reports in the literature that the first elongated spermatids and sperm in sheep appeared between 5 and 6 months after birth (Gier & Marion 1970) . However, elongated spermatids can be found, when assessed histologically, in 12-week-old Suffolk rams as observed in the present study.
Although the time to production of haploid germ cells is similar in grafts and in intact testis tissue, the grafts contained more tubules with Sertoli cells only and fewer tubules with round and elongated spermatids than the control tissue. Therefore, xenografts and intact tissue in situ completed spermatogenesis at the same time but the developmental state of the grafts at 12 weeks was less mature, than the control tissue at the same time point.
At 16 weeks post grafting, the grafts still contained more tubules with Sertoli cells only and fewer tubules with round spermatids than the control tissue. The lack of tubules with differentiated germ cells at all time points could be due to an initial loss of germ cells from the donor tissue when it was grafted as was reported previously . In sheep grafts, 20% of tubules had lost spermatogonia in the first 4 weeks after grafting, although at 8 weeks the percentage of tubules with spermatogonia was comparable with that observed in situ.
In intact testis tissue from various mammalian species, the percentage of tubules with Sertoli cells only decreases rapidly when post-meiotic germ cells appear, and the percentage of tubules with round and elongated spermatids increases. These changes were less pronounced in the grafts. In addition, the percentage of tubules with spermatocytes and round spermatids in the grafts remained almost constant once they appeared, and no differences were found between grafts at 12 and 16 weeks after grafting. Therefore, it appears that the beginning of spermatogenesis in every seminiferous tubule occurs slowly and independently from the surrounding tubules in the xenograft, while, in situ, the onset of spermatogenesis occurs more uniformly in all tubules. In support of this hypothesis, we observed (1) differences in the timing of onset of germ cell differentiation between the peripheral and the central area of the graft and (2) variability between adjacent tubules in the stage of germ cell differentiation in the grafts (Fig. 1A) but not in the intact testis tissue in situ.
Two reasons could explain this fact: (1) factors supporting the development of the tubules are not available uniformly to all tubules and/or (2) tubules are not equally receptive to stimulatory signals. Grafted tissue experiences a period of ischaemia after transplantation. During this initial period, the periphery of the graft is more accessible to diffusion, and the new vessels will arrive earlier to this area. In addition, the distribution of these new vessels and diffusion inside the graft may lack uniformity. Once complete vascularization is established, all tubules will receive blood supply although When a cell suspension was prepared from lamb testis by enzymatic digestion and implanted underneath the skin of nude mice, the isolated cells were able to reorganize in cords and tubules, and complete spermatogenesis was found 40 weeks after grafting. In addition, when isolated cells were co-grafted with testis tissue, spermatocytes were found at 35 weeks after grafting, earlier than in isolated cells grafted alone. De novo morphogenesis of seminiferous tubules was demonstrated previously with neonatal pig Sertoli cells grafted under the kidney capsule of mice (Dufour et al. 2002) and with cultured rat cells xenografted subcutaneously (Gassei et al. 2006) . Recently, we reported that complete spermatogenesis occurred at 30 weeks post grafting of isolated cells from piglet testis (Honaramooz et al. 2007) . Similarly, functional spermatids also appeared in testis tissue formed de novo from isolated mouse and rat testis cells grafted ectopically to mouse hosts (Kita et al. 2007 ). Sheep isolated cell grafts completed spermatogenesis later than in the animal in situ and also later than in tissue grafts, similar to what was observed in pig isolated cell grafts. When isolated cells are grafted they undergo a spatial reorganization to form new tissue. The different cell types, including Leydig cells, have to form functional threedimensional cell associations whereas in tissue grafts these are already formed. In mice with grafts of isolated cells and tissue, the weight of the seminal vesicles was always high (O200 mg), due to the production of testosterone by Leydig cells from the tissue grafts while production of testosterone in de novo formed tissue from isolated cells occurs later. By 35 weeks post grafting, grafts formed de novo from isolated cells grafted alone produced enough testosterone to support initiation of germ cell differentiation. This delay in germ cell differentiation could potentially be overcome by supplementation of testosterone. The later onset of spermatogenesis in isolated sheep cells grafts compared with those from pig testis cells, where complete spermatogenesis can be found 30 weeks after grafting (Honaramooz et al. 2007 ), could be due to the smaller percentage of germ cells after enzymatic digestion in the sheep isolated cell suspension (1.3%) compared with those isolated from pig testes (4.5%). Also, this small number of spermatogonia harvested after enzymatic digestion of lamb testis could explain the low efficiency of spermatogenesis in de novo formed sheep testis tissue.
Grafts recovered from mice housed alone presented more tubules with spermatocytes. However, no statistical differences were found in any other type of differentiated germ cell. Therefore, different housing conditions for nude mice do not appear to have an effect on the development of the grafts. Also, the production of testosterone (measured as seminal vesicle weight) between isolated and grouped mice and among the grouped mice was not different. This fact could be due to the peaceful behaviour of this strain of mice compared with other mouse strains that display a higher degree of aggression. This observation is important for colony management and comparison with different experiments. Colony management in different research centres could be different or several experiments could have diverse experimental designs. Even in a xenografting experiment, sometimes mice will have to be removed from groups to avoid aggression. It is therefore important that the results of testis xenograft development are comparable between mice housed individually and in groups.
The best timing for retrieval of mouse sperm from mouse tissue grafts has been established (Schlatt et al. 2003) , but no study has yet reported the timing of the highest sperm production in xenografts. Although the xenografts are viable for over 1 year after grafting (Honaramooz et al. 2002a , Snedaker et al. 2004 ) dilated tubules appeared, at least in some species, at the same time as post-meiotic cells in the grafted tissue, and an increase with time was observed in mouse testis allografts (Schlatt et al. 2003) , bovine ) and sheep xenografts. It was proposed that this is due to the accumulation of fluid produced by the Sertoli cells because of the absence of efferent duct tissue (Schlatt et al. 2003) . This could be affecting the rate of sperm production and the fertilizing capacity of spermatozoa recovered from grafts. Therefore, it will be also necessary to study the fertilizing ability of sperm recovered at different time points after grafting.
Xenografting of testis tissue provides a reliable system to obtain spermatozoa from immature animals from a variety of species including domestic bovids such as goats (Honaramooz et al. 2002a) , bulls (Oatley et al. 2004 ) and sheep (this study). The spermatozoa isolated from grafts, when used for ICSI, are able to fertilize in pig and goat (Honaramooz et al. 2002a) , to support embryo development to the blastocyst stage in rhesus monkey and to develop to term after embryo transfer (ET) in the mouse (Schlatt et al. 2003) . Therefore, it is anticipated that offspring of the wild species could be produced following this approach, since techniques such as oestrus synchronization, ovarian stimulation and oocyte collection, in vitro oocyte maturation, ICSI and ET have been developed for various wild ungulates (Ptak et al. 2002 , Pukazhenthi et al. 2006 , Roldan et al. 2006 , Berlinguer et al. 2008 .
In summary, the present study demonstrated that complete spermatogenesis occurs in sheep tissue xenografts after 12 weeks post grafting similar to the timing of spermatogenesis in intact animals. Since similar results were reported previously for immature testis tissue from bulls and goats, it is likely that in xenografts of wild bovids elongated spermatids will be formed at the same time as in the intact animal. Furthermore, xenografting of isolated sheep testis cells can regenerate functional testis tissue, and elongated spermatids were presented 40 weeks after grafting. Xenografting of bovid testis or isolated cells may present a novel and important opportunity to preserve male germ plasm from rare or endangered bovid species.
Materials and Methods
Donor testicular tissue, ectopic grafting and tissue recovery
Testis tissue grafting
Testes were obtained by castration from two unrelated Suffolk lambs (14 days old, born in March) and used as donor tissue for xenografting. After removing the tunica albuginea and rete testis, testis tissue was cut into small fragments (about 1 mm 3 ) and maintained in Dulbecco's Modified Eagle's Medium (DMEM, Gibco Invitrogen) on ice until grafting. Male NCR nude mice (7-8 weeks old) were anaesthetized, castrated and during the same procedure eight fragments of donor testis tissue were implanted under the back skin (nZ12 mice per donor). Three recipient mice per donor were killed by CO 2 inhalation at 4, 8, 12 and 16 weeks after grafting.
Pieces of donor and control tissue and recovered grafts were fixed in Bouin's solution followed by three changes of 70% ethanol and processed for histology. Seminal vesicle weights were recorded as an indicator of the presence of bioactive testosterone originating from the lamb testis graft.
Control tissue
Testis tissue from two unrelated 12-week-old Suffolk rams (born in March) were used as controls to compare the development of the grafts with the testis development in situ.
Isolated testis cell grafting
Testes from Suffolk lambs were obtained by routine castration of eight unrelated animals (10-19 days old, born in March) and were used as a source of donor testis cells. A single cell suspension of testicular cells was prepared by a two-step enzymatic digestion as previously described (Honaramooz et al. 2002b (Honaramooz et al. , 2007 . After enzymatic dissociation, the cells were filtered through a 40 mm cell strainer to ensure that a single cell suspension was obtained. Aliquots of 50!10 6 cells in DMEM were prepared, centrifuged at 1000 g for 5 min and pellets were maintained on ice until grafting. To determine the relative percentages of different cell types present in the cell suspension, aliquots of the initial cell suspension were placed in 0.01% poly-L-lysine (Sigma) coated permanox slide chambers (Nalgene NUNC International, Rochester, NY, USA) (5!10 5 cells per chamber) for 2 h, fixed in 4% paraformaldehyde for 30 min and kept in PBS until processing for cell-type-specific immunocytochemistry. Male NCR nude mice (9 weeks old, nZ12) were anaesthetized, castrated and during the same surgery they received four transverse linear incisions into the dorsal skin on either side of the midline. In each incision, the skin was gently separated from the muscle and eight cell pellets, aspirated using polyethylene tubing, were gently transplanted under the skin. The incisions were closed with Michel clips (7.5 mm; Miltex, York, PA, USA). Two recipient mice were killed by CO 2 inhalation at 4, 8, 12, 16, 35 and 40 weeks after grafting. In five additional mice, testis cells and tissue were co-grafted. On the right side of each mouse four cell pellets were transplanted, and on the left side, four pieces of testis tissue were grafted. One mouse was killed 16 weeks after surgery, two at 35 weeks and another two at 40 weeks after grafting.
Housing of male mice
Testes from two additional unrelated 14-day-old Suffolk lambs (born in March) were used as donor tissue. Male NCR nude mice (8-9 weeks old) were castrated and received eight fragments of donor testis tissue under the back skin (nZ8 mice per donor). Eight mice were housed individually on heated (32 8C) shelves and two groups of four mice each were kept together in two cages. All mice were identified and weighed weekly. Food and water were available ad libitum. Mice were killed by CO 2 inhalation 13 weeks post grafting.
All animal procedures were performed with approval and under the guidance of the Institutional Animal Care and Use Committee at the University of Pennsylvania.
Analysis of xenografts
Control, donor and graft tissue were examined using haematoxylin-and eosin-stained tissue sections. All seminiferous tubules present in one section per sample were examined under 200! magnification and classified as (1) Sertoli cells only (Fig. 1A) , (2) according to the most advanced type of germ cell present (gonocyte, spermatocytes, round spermatids or elongated spermatids; Fig. 1A and B), (3) as dilated when the height of the seminiferous epithelium was low in comparison with the tubular lumen (Fig. 1B) or (4) as partially degenerated when the cells inside tubules appeared pycnotic and there was no lumen present (Fig. 1B) .
To determine the number of pre-meiotic germ cells, in every sample an antibody against PGP 9.5 (also called ubiquitin C-terminal hydrolase L-1) was used, as described by RodriguezSosa et al. (2006) with some modifications. Briefly, slides were deparaffinized, treated with 3% H 2 O 2 in distilled water for 10 min, washed twice in PBS for 5 min and blocked with 5% goat serum in PBS for 30 min at room temperature. Sections were then exposed for 10 min to avidin block, washed in PBS for 5 min, exposed to biotin block for 10 min and washed again in PBS for 5 min. Subsequently, the samples were incubated overnight at 4 8C in a humidified chamber with the primary antibody (rabbit anti-PGP 9.5; Biogenesis, Kingston, NH, USA) diluted 1:500 in PBS. The following day samples were washed twice in PBS and treated for 30 min at room temperature with the secondary antibody, biotinylated goat anti-rabbit IgG (1.5 mg, Vector, Burlingame, CA, USA) diluted to 6 mg/ml in PBS. After washing twice in PBS, the slides were exposed for 30 min to streptavidin horseradish peroxidase (3 mg/ml in PBS, Vector) and washed in PBS for 5 min. Peroxidase activity was detected with VIP (Vector) for 1.5 min, washed for 5 min in distilled water, dried and mounted with Permount. Grafts formed de novo from isolated cells were stained as above after citrate antigen retrieval by boiling in Antigen Unmasking Solution (Vector) for 10 min.
To quantify the number of Sertoli cells in the slides with differentiated germ cells present, immunohistochemistry against GATA-binding protein 4 was used with the same protocol described above but with the following modifications: citrate antigen retrieval was performed, CAS block (Zymed Invitrogen) was used as a blocker, incubation with the primary antibody (anti-GATA4, goat polyclonal IgG diluted 1:100 in TBS; Santa Cruz Biotechnology, Santa Cruz, CA, USA) was for 1 h at room temperature and biotinylated donkey anti-goat IgG (Jackson ImmunoResearch, West Grove, PA, USA) was used as the secondary antibody.
At 4 and 8 weeks post grafting, one section per graft was processed for immunohistochemistry for PGP 9.5 and another for GATA4 as described previously. The number of tubules with spermatogonia and the number of spermatogonia and Sertoli cells per tubule were scored in round seminiferous tubule cross-sections at 400! magnification. The number of spermatogonia per 100 Sertoli cells was calculated by dividing the number of spermatogonia per tubule by the number of Sertoli cells per tubule and multiplying by 100.
To assess the relative percentages of different cell types present in the isolated cell suspension, immunocytochemistry was performed with antibodies against VASA (also called MVH/DDX4, mouse VASA homologue/DEAD box polypeptide 4; 2 mg/ml; Abcam, Cambridge, MA, USA) for germ cells, GATA4 (1:40) for Sertoli cells, a-smooth muscle actin (1:1000, Sigma) for myoid cells and P450 side chain cleavage enzyme (P450scc, 1;200; Chemicon International, Temecula, CA, USA) for Leydig cells following the protocols described in Paul et al. (2005) and Honaramooz et al. (2007) . To stain the spermatogonia in the isolated cell suspension, the antibody against PGP 9.5 was not used to rule out cross-reaction with interstitial cells observed in the tissue slides. Cell-type specificity of the antibodies used was confirmed on paraffin sections of donor sheep testis tissue (Fig. 5) .
Statistical analysis
Statistical analysis was performed with SPSS 12.0 for Windows (SPSS Inc., Chicago, IL, USA). ANOVA and t-test for independent samples were performed considering mouse as the experimental unit. When the variables could not be normalized, the corresponding nonparametric analyses, Mann-Whitney and Kruskal-Wallis, were employed. Data are expressed as meansGS.E.M.
